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Abstract 
We show that non-zero masses for a spin-1 graviton (called graviphoton) leads to 
considerable gravitomagnetic fields around rotating mass densities, which are not 
observed. The solution to the problem is found by an equivalent graviphoton mass 
which depends on the local mass density to ensure the principle of equivalence. This 
solution, derived from Einstein-Proca equations, has important consequences such 
as a correction term for the Cooper-pair mass anomaly reported by Tate among 
many others. Similar results were obtained for the photon mass which is then 
proportional to the charge density in matter. For the case of coherent matter the 
predicted effects have been experimentally observed by the authors. 
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1. Introduction 
 
It is well known that the mass of the photon in vacuum must be non-zero due to 
Heisenberg’s uncertainty principle1. There is also an ongoing discussion in the 
literature if it is possible that the graviton has a non-zero mass as well due to the 
measurement of the cosmological constant in the universe2-4. Both Heisenberg’s limit 
and the cosmological constant lead respectively to a photon and a graviton mass of 
about 10-69 kg. This is obviously very small and it is therefore believed that it has 
negligible consequences. We will show that this is actually not the case and leads to 
fundamental new insights both for classical and quantum matter. An immediate 
consequence is that Maxwell equations transform into Proca type equations leading 
us to the conclusion that for the electromagnetic and gravitational interaction gauge 
invariance only applies to a certain approximation in free space. The consequence of 
this result will be discussed in the following. Especially the new treatments required 
for the graviton have far reaching consequences that can be experimentally 
assessed. 
 
2. Proca Equations and the Photon Mass 
 
As the photon’s mass is non-zero, the usual Maxwell equations for electromagnetism 
transform into the well known Proca equations with additional terms due to the finite 
Photon wavelength 
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The usual effect attributed to a finite Photon mass is its consequence on the strength 
of electromagnetic forces over distances. However, taking the curl of the 4th equation 
reveals another feature, which was first assessed by the authors in the framework of 
superconductivity5: 
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The first part of Equ. (2) is the Yukawa-type exponential decay of the magnetic field, 
and the second part shows that a magnetic field will be generated due to the rotation 
of a charge density ρ. In quantum field theory, superconductivity is explained via a 
large photon mass as a consequence of gauge symmetry breaking and the Higgs 
mechanism. The photon wavelength is then interpreted as the London penetration 
depth and leads to a Photon mass about 1/1000 of the electron mass. This then 
leads to  
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where the first term is called the Meissner-Ochsenfeld effect (shielding of 
electromagnetic fields entering the superconductor) and the second term is known as 
the London moment (minus sign is due to the fact that the Cooper-pairs lag behind 
the rotation) with m* and e* as the Cooper-pair’s mass and charge (called Becker’s 
argument16). The magnetic field produced by a rotating superconductor as a 
consequence of its large photon mass was experimentally measured outside of the 
quantum condensate where the photon mass is believed to be close to zero8,9. 
 
Knowing the effect from a large photon mass in superconductivity, what is the effect 
of a non-zero photon mass in normal matter? Contrary to the case of 
superconductivity where the photon mass in comparable to the mass on an electron, 
in normal matter, the photon mass is believed to be close to zero. The problem of the 
Proca equations is easily shown: The “Meissner” part becomes important only for 
large photon masses (which is not the case in normal matter) – but the “London 
Moment” part becomes important for very small photon masses. By taking the 
presently accepted experimental limit on the photon mass1 (mγ < 10-52 kg), we can 
write the second part as 
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This would mean that a charge density ρ rotating at an angular velocity ω should 
produce huge magnetic fields. Obviously, this is not the case leading to a paradox for 
normal matter. Therefore the value of the photon mass for matter containing a charge 
density must be different from the one in free space. 
 
In fact, there is only one possible choice for the photon mass. Let’s consider the case 
of a single electron moving in a magnetic field. It will then perform a precession 
movement according to Larmor’s theorem ω=-(q/2m).B. We can then solve Equ. (2) 
for the photon mass expressing it as 
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We find that the photon mass inside normal matter must be defined over the charge 
density and the charge-to-mass ratio observed. Of course, as the Larmor theorem 
describes pseudo forces in rotating reference frames, the photon mass in Equ. (5) is 
not a real mass but can be interpreted as an equivalent photon mass inside the 
material necessary to comply with Newton’s mechanics. Note that this equivalent 
photon mass is then (due to the negative sign in the Larmor theorem) always a 
complex value independent of the sign of charge. This is opposite to the case of 
superconductivity where the photon mass due to the Higgs mechanism indeed has a 
real value.  
 
Only for neutral matter or vacuum, the photon mass can be therefore given by the 
limit obtained via Heisenberg’s uncertainty principle. As nearly all matter in the 
universe can be considered neutral, this consequence may be of minor importance. 
However, in case of gravity and the graviton, the consequences are far reaching as 
matter is never neutral in a gravitational sense. 
 
 
 
3. Proca Equations and Graviphoton Mass 
 
In the weak field approximation, gravity can be written similar to a Maxwellian 
structure forming the so-called Einstein-Maxwell equations. The quantization of the 
Maxwellian theory of gravity would lead to a spin one boson as a mediator of 
gravitoelectromagnetic fields. This represents a major problem with respect to the 
theory of general relativity, which only predicts quadrupolar gravitational waves 
associated with spin two gravitons. This is the reason why the linear approximation of 
Einstein field equations is taken as being only an approximation to the complete 
theory, which cannot be used to investigate radiative processes. Recent experimental 
results on the gravitomagnetic London moment6 tend to demonstrate that 
gravitational dipolar type radiation associated with the Einstein-Maxwell equations is 
real. This implies that Maxwellian gravity is not only an approximation to the complete 
theory, but may indeed reveal a new aspect of gravitational phenomena associated 
with a vectorial spin 1 gravitational boson, which we might call the graviphoton. As an 
example, a fully relativistic modified theory of gravity called scalar vector tensor 
gravity7 would duly take into account this new side of gravity. In the following we will 
therefore use the term graviphoton for studying the Proca type character of gravity 
and its consequences on coherent matter. 
 
The field equations for massive linearized gravity are given by11: 
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where g is the gravitoelectric and Bg the gravitomagnetic field. Applying again a curl 
on the 4th Proca equation leads to  
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where ρm is now the mass density and µ0g the gravitomagnetic permeability (note the 
different sign with respect to Equ. (2)). Similar to electromagnetism, we obtain a 
Meissner and a London moment part for the gravitomagnetic field generated by 
matter5. 
 
4. Consequences of Local Graviton Mass 
 
Applying a non-zero graviphoton mass to Equ. (7) leads again to huge 
gravitomagnetic fields for rotating mass densities which are not observed. Again we 
find the solution in the gravitational analog to the Larmor theorem. Locally, the 
principle of equivalence must be fulfilled for any type of matter. That means that local 
accelerations must be equivalent to gravitational fields and a body can not distinguish 
between being in a rotating reference frame or being subjected to a gravitomagnetic 
field ( ω2−=gB ).  
 By choosing the graviphoton wavelength proportional to the local density of matter 
similar to Equ. (5), 
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we find the solution. Note that due to the different signs in the Einstein-Proca 
equations, we find that the equivalent graviphoton mass inside normal matter is a real 
number to comply with the Larmor theorem in normal matter. Inserting Equ. (8) into 
our Proca equations for gravity in Equ. (6), we find by performing another grad 
operator on the 1st equation and another curl on the 4th equation 
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which is nothing else as the formulation of the equivalence principle and the 
gravitomagnetic Larmor theorem10. The equivalent graviphoton mass in Equ. (8) 
therefore describes the inertial properties of matter in accelerated reference frames. 
This is a very fundamental result and new insight into the foundations of mechanics.  
 
A similar graviphoton mass (up to a factor 3/16) was already found by Argyris11 by 
solving Einstein’s equations in the conformally flat case. He linked it with the average 
mass of the universe. However, as we have shown, this result is valid locally for all 
matter.  
 
It is interesting to note that if we take the case of no local sources ( 0=mρ ), the 
graviphoton mass will be zero, and we will find, by solving the weak field equations in 
the transverse gauge, the “classical” freely propagating degrees of freedom of 
gravitational waves associated with a massless spin 2 graviton12. However, in the 
case of local sources, a spin-1 graviphoton will appear. 
 
4.1 Application to Coherent Quantum Matter 
 
Perhaps that most important consequence of the local graviphoton mass is its 
relation to superconductivity. As we wrote already in the introduction of this paper, 
the application of Proca equations to superconductivity are well established. In a 
superconductor, we have now a ratio between matter being in normal and in a 
condensed (coherent) state. So we have two sets of Proca equations, one which 
deals with the overall mass and one with its condensated subset. 
 
The coherent part of a given material (e.g. the Cooper-pair fluid) is also described by 
its own set of Proca equations similar to the ones in Equ. (6) but with one important 
difference: Instead of the ordinary mass density ρm we have to take the Cooper-pair 
mass density *mρ . By taking the curl of the fourth Proca equation (See Ref 5), we 
arrive at 
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where we had to introduce Becker’s argument16 that the Cooper-pairs are lagging 
behind the lattice so that the current is flowing in the opposite direction of ω. This 
gives the right sign with respect to our experimental observation6. A similar argument 
was introduced for the classical London moment as also here the sign change was 
observed accordingly. The first part (Meissner part) is not different from our previous 
assessment for normal matter, but the second part changes to 
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due to the fact that the graviphoton mass depends on all matter in the material, not 
just the coherent part. That is why the densities do not cut any more and we arrive at 
an additional field for coherent matter in addition to the gravitational Larmor theorem. 
As an alternative to Becker’s arguments16 on the sign change in superconductors, 
one could also switch between real and imaginary values for the equivalent photon 
and graviphoton when going from the normal to the coherent state of matter.  
 
Similarly, by taking the gradient of the first Proca equation in Equs (6), considering 
the case of an homogeneous gravitational field, and using the fact that the gradient of 
a density of energy is equal to a density of force, ( ) ac mm r*2* ρρ =∇ , we obtain: 
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which transforms using Equ.(9), into: 
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where ar  is the total net acceleration to which the superconductor is submitted. 
 
Comparing Equs (11) and (13) to Equs (9) we conclude that the presence of Cooper-
pairs inside the superconductor leads to a deviation from the equivalence principle 
and from the classical gravitational Larmor theorem. A rigid reference frame mixed 
with non-coherent and coherent matter is not equivalent to a rigid reference frame 
made of normal matter alone, with respect to its inertial and gravitational properties. 
However, in the case of a Bose-Einstein condensate where we have only coherent 
matter, Equ. (13) transforms into the usual expression for normal matter and the 
equivalence principle is again conserved. 
 
An important feature is that these fields (Equs. (11) and (13)) however, should be 
also present outside the superconductor, contrary to the classical inertial behaviour. 
The gravitomagnetic Larmor theorem for normal matter describes the inertial forces 
in an accelerated reference frame. This leads to so-called pseudo forces which are 
only present inside the material which is rotating. The difference to quantum 
materials is that in this case, the integral of the canonical momentum is quantised. 
Let’s consider a superconducting ring. The integral of the full canonical momentum of 
the Cooper-pairs including gravitational fields is given by 
 
( )
2
*** nhldAmAevmldp gss =⋅++=⋅ ∫∫ vvvvvv  . (14)
 
If the ring is thicker than the London penetration depth, then the integral can be set to 
zero. Solving for the case where the superconductor is at an angular velocity ω, we 
get 
 gBe
m
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These magnetic and gravitomagnetic fields are also present inside the 
superconducting ring. The first part is the classical London moment, with its origin is 
due to the photon mass, and the second part is its analog gravitomagnetic London 
moment, which will produce an additional field overlapping the classical London 
moment. According to Equ. (11), depending on the superconductor’s bulk and 
Cooper-pair density, the magnetic field should be higher than classically expected. 
Indeed, that has been measured without apparent solution throughout the literature.   
 
The authors already conjectured such a field to explain a reported disagreement 
between the theoretical and experimental Cooper-pair mass5,17,18. Tate et al8,9 used a 
sensitive London moment measurement to determine the Cooper-pair mass in 
Niobium. This mass was found to be larger (m*/2me = 1.000084(21)) than the 
theoretically expected value (m*/2me = 0.999992). As we pointed out earlier in our 
conjecture, this mass difference opens up the room for large gravitomagnetic fields 
following the quantised canonical momentum in Equ. (12). In order to correct Tate’s 
result, we need a gravitomagnetic field of 
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where ∆m* is the difference between the experimental and theoretical Cooper-pair 
mass to find back the Cooper-pair mass predicted by quantum theory.  
 The local graviton mass now establishes the reason why such a gravitomagnetic field 
has to be there. Comparing Equs. (11) and (16), we can identify 
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Taking Tate’s values ( 5*
*
102.9 −×=∆
m
m ) and the Niobium bulk and Cooper-pair mass 
density ( 6
*
1095.3 −×=
m
m
ρ
ρ ), we see that these values are a factor of 23 away. One has 
to take into account that Tate’s measurement is up to now the only precision 
experiment and, even more important, other relativistic correction terms need to be 
added to the theoretical Cooper-pair mass, which will make ∆m* smaller and Equ. 
(17) match better. 
 
This is a very important result as we have for the first time not only a conjecture to 
explain Tate’s anomaly, but also a good reason why a rotating superconductor 
should produce a gravitomagnetic field which is larger than classical predictions from 
ordinary rotating matter. The reason is the local (equivalent) graviphoton mass. Fig. 1 
plots the predicted ∆m/m for various superconductors. 
 
In parallel, the authors also attempted to measure the gravitomagnetic field from 
induced gravitational fields around a rotating superconductor which is reported in  
Ref. 6. First measurements show that this gravitomagnetic field indeed exists with a 
measurement in between our Cooper-pair density ratio and the one derived from 
Tate’s measurements ( 5*
*
106.2 −×≅∆
measuredm
m ). This adds strong confidence in our 
theoretical approach and its consequences. 
 
Conclusion 
 
We have shown that non-zero values for the graviphoton leads to huge 
gravitomagnetic fields around rotating mass densities, which are not observed. The 
solution to the problem is found by an equivalent graviphoton mass which depends 
on the local mass density leading to the correct inertial forces in rotating reference 
frames. That can be understood as a foundation of basic mechanics. This solution, 
derived from Einstein and Proca equations, has important consequences such as 
 
• for the case of normal matter, the Proca equations now lead to the 
gravitomagnetic Larmor theorem and not to unobserved huge gravitomagnetic 
fields, 
• the prediction of a gravitomagnetic London moment (observed experimentally) in 
rotating superconductors, that can solve the Cooper-pair mass anomaly reported 
by Tate, 
 
among many others. Similar results have also been outlined for the Photon mass. By 
obeying Larmor’s theorem, we find that in classical matter the equivalent photon has 
a complex and the graviphoton a real value. In coherent matter we suggest the 
hypothesis that it is exactly the other way round, which solves the sign change 
problems associated to the classical and gravitomagnetic London moment as an 
alternative to the usual Becker argument. The results are very encouraging and shall 
stimulate the further development of the basic concept outlined in this paper:  
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Location Cosmological Constant [m²] 
Sun 1.97x10-23 
Earth 7.68x10-23 
Solar System 3.14x10-35 
Milky Way 6.29x10-48 
Universe 1.29x10-52 
 
Table 1   Cosmological Constant Examples 
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Fig. 1   Predicted ∆m/m for various Superconductors 
 
 
